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1. Introduction 


A satisfactory formulation of string field theory continues to be one of the important 
open problems of string theory. There have been two main lines of approach to this problem 
in the past which have enjoyed varying degrees of success. The hrst approach (see refs. 
M) starts with the BRST formalism, developed hrst in the context of free strings, and 
generalizes it to interacting strings. This approach was hrst successfully applied to the open 
string theory, and, making use of the extension of the BRST method due to Batalin and 
Vilkovisky [^, it was later generalized to include closed strings |P]. The great advantage 
of this approach is that, compared to the alternatives, it is the most developed one from 
the technical stand point and its correctness is beyond doubt. However, so far it has not 
led to any substantial advances in our understanding of string theory. This is no doubt due 
in part to the complexity of this method, but also, it is due to the fact that initially a hxed 
background has to be specihed. Although there are proofs of background independence 
, to our knowledge, there is no manifestly background independent formulation. A great 
advantage of such a formulation would be its role in unmasking various possible hidden 
symmetries of string theory. From the very beginning of string theory, symmetries like 
invariance under the local transformations of the target space coordinates, connected with 
the existence of the graviton, were difficult to understand in the usual formulation that 
uses a flat background metric. A manifestly background invariant formulation of string 
theory should improve our understanding of these symmetries, and also possibly shed light 
on the recently discovered symmetries such as duality. 

The second main line of approach (see refs. [H, |]l|,|^ and |]9HI^) to understanding 
string dynamics starts with a two dimensional sigma model dehned on the world sheet. In 
the earlier versions, the held content was restricted to massless excitations of the closed 
bosonic string, namely the graviton, the antisymmetric tensor and the dilaton [^. The 
massive modes were neglected in order to have a renormalizable and classically scale in¬ 
variant theory. The held equations are then derived by imposing quantum scale invariance, 
which amounts to demanding that the beta function vanish. In practice, one usually works 
with the beta function computed in the one loop approximation, using the background held 
method which preserves manifest covariance under local held redehnitions. This approach 
has many advantages over the hrst one: The background independence and the symmetries 
are made manifest, and the connection between conformal invariance and renormalization 
is made clear. There are also serious drawbacks: The massive modes are neglected and an 
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off-shell formulation that goes beyond the equations of motion is missing. There is also 
the question about what happens beyond one loop; in many important cases the higher 
loop contributions lead to held redehnitions without changing the content of the equations 
of motion, although it is not clear how general this result is |T^ . 


An important variation of this approach, which seems to overcome many of the draw¬ 
backs mentioned above, is originally due to Banks and Martinec The basic idea is to 
apply the renormalization group equations of Wilson and Polchinski to the two dimen¬ 
sional sigma model. The starting point is the most general sigma model, which includes 
all the massive levels of the string and is non-renormalizable in the conventional sense. A 
cutoff is introduced to make the model well-dehned, and the equations of motion satished 
by the string helds are obtained by requiring the resulting partition function to be scale 
invariant. Although the classical action is scale non-invariant, and the cutoff introduces 
further scale breaking, the cancellation between these two effects makes the hnal scale 
invariance possible. Hughes, Liu and Polchinski [Q rehned and extended this method, and 
they showed that the closed bosonic string scattering amplitudes in the classical (tree) 
limit can be derived from these equations. This approach has many nice features: It treats 
the whole string all at once and not just the massless levels, and it is also apparently exact 
and not limited to the one loop approximation. Finally, the emergence of the string am¬ 
plitudes as a solution provides a stringent check on the resulting equations. Nevertheless, 
this approach also has some unsatisfactory features. As already noticed in ref. [|l|, the 
equations do not seem powerful enough to eliminate all the unwanted states of the string 
spectrum; some additional gauge invariance needed to eliminate them is apparently miss¬ 
ing. Another drawback is that the coordinate system in the held space is hxed right from 
the beginning, and as a result, covariance under held transformations, which was such an 
attractive feature of ref. [H, is lost. We suspect that these problems are connected, and 
we oher some evidence in support of it. 

In this paper, we propose a new approach which combines some of the advantageous 
features of both the renormalization group method and the covariant beta function treat¬ 
ment of the massless excitations. We start with a general sigma model that is supposed 
to represent all the levels of the closed bosonic string, with hat metric on the worldsheet. 
In section 2, the functional integral is written in the presence of a general background in 
a form completely covariant under coordinate (held) transformations, subject only to the 
condition that the determinant of the transformation is unity. These include not just the 
local transformations associated with gravity, but also non-local transformations which 
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mix up different levels of the string. This covariant formulation requires the introduction 
of an as yet unknown connection with the correct transformation properties. To regnlate 
the fnnctional integral, jnst as in ref. [Q, we introdnce a cntoff in the free propagator, al- 
thongh our cutoff differs from theirs in some details. The effective action is then required 
to be invariant nnder the conformal (Virasoro) gronp in order to obtain the held eqnations. 
At this point, one has to specify the variations of the helds and the cntoff under conformal 
transformations. We chose the cntoff to transform exactly as in the renormalization gronp 
method. On the other hand, the standard expression for the conformal generators, is not 
covariant nnder coordinate transformations, and so it had to be promoted to a Killing 
vector with correct transformation properties. Pntting everything together, we hnally ar¬ 
rive at onr version of the renormalization gronp eqnations written in covariant form (see 
(2.37)). This equation is not very useful as it stands; for one thing, it is an eqnation in two 
variables, and also it has an nnknown fu n ction in it. From this eqnation, however, one can 
derive an inhnite set of eqnations in a single variable free of the nnknown fnnction. The 
hrst of these is a one loop result, which is given explicitly (by (2.38)), and which forms the 
basis of all the following work. The remaining equations correspond to higher loops and 
they will not be considered in this paper. We stress that, in onr approach, one loop resnlt 
is exact; higher loops can provide more information, bnt they do not modify the one loop 
resnlt [1l4[ . 


Eq. (2.38) is still too formal to be nsefnl as it stands; one needs explicit resnlts for the 
connection and the Killing vector. At the moment, we do not have an exact expression for 
either of these, and to make progress, we resort to an expansion which we call the quasi¬ 
local expansion. This is an expansion in the nnmber of derivatives on the world sheet 
and it is explained in section 3. The local coordinate transformations associated with 
gravity appear at zeroth order, and each new power of the expansion parameter b brings in 
transformations with two more derivatives on the world sheet. The levels of the string can 
also be similarly organized; the nth level goes with the power In section 3, we stndy 

the zeroth order term in the expansion. This corresponds to considering only the tachyon 
and the massless levels and imposing only local coordinate invariance. We are, therefore, 
back in familiar territory of renormalizable sigma model , where the connection and the 
generators of conformal algebra are well-known. Onr reason for reexploring it is twofold: 
Firstly, we wonld like to check our formalism against standard resnlts. This check is non¬ 
trivial since the way we treat the dilaton is different from the standard treatment [Q , where 
the dilaton field is introdnced as an independent field in the action from the beginning. 
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In our approach, the determinant of the metric plays the role of the dilaton held, and 
everything works out alright. We note that this determinant cannot be gauged away, since 
the coordinate transformations under which the model is invariant are restricted to have 
unit determinant. The second question we would like to answer is what happens if we 
abandon covariance by, for example, setting the connection equal to zero. In this case, we 
recover the gravitational equations in a hxed gauge, but we loose the equation of motion for 
the dilaton. Therefore, covariance is important in obtaining a complete set of equations. 

The next step is to go to hrst order in the expansion, which is the subject of section 
4. The hrst massive level of the string enters at this order, and also the coordinate (held) 
transformations include non-local terms for the hrst time. The important question is 
whether in this case, a suitable metric and a Killing vector that generates the conformal 
algebra exist. We show how to construct both the metric and the Killing vector to this 
order, and we derive the resulting equations of motion for the hrst massive level. An 
important check on the method is to hnd out whether the level structure agrees with that 
of the hrst massive level of the string. Again, to see what diherence covariance makes, we 
check this for the non-covariant version, when the connection is set equal to zero. Just as 
in the case of ref. [Q, we hnd that there are too many states, and there is not enough gauge 
invariance to eliminate the spurious states. In section 5, we investigate the hrst massive 
level in the covariant case. Here, the situation is the opposite; for a general left-right non- 
symmetric model, there are too few states. Only when the model is left-right symmetric, 
there is an exact match. We have to conclude that our approach works only for left-right 
symmetric models, although at this time, we do not have a good understanding of this 
restriction. 

In our opinion, the main contribution of this paper is that, at least in the context 
of a natural expansion, the held equations of motion that follow from the general sigma 
model can be made covariant under not only local, but also non-local transformations in 
the held space. Furthermore, this covariance is crucial in eliminating spurious states of the 
hrst massive level. Clearly, as far as this question is concerned, we have only scratched the 
surface in this paper. It would be very desirable to go beyond the expansion we have used 
and to establish exact covariance under non-local transformations. A subsidiary result of 
this paper is the one loop basic equation, which, to some extent, bridges the gap between 
the standard treatment of the renormalizable sigma model, and the Wilson renormalization 
group approach. This equation may be of use in other applications. 
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2. Covariant Renormalization Group Equations 

In this section, we derive a set of renormalization gronp equations for a general sigma 
model in a classical background. These equations are derived by imposing conformal in¬ 
variance on the sigma model in the presence of a background held; they are covariant 
generalizations of the string equations of motion derived in ref. |^. Throughout, we also 
work with hat worldsheet. We found the renormalization group approach of |l[] advanta¬ 
geous for the following reason: When the generalized sigma model action S contains all 
the levels of the string and not just the massless ones, one is dealing with a convention¬ 
ally non-renormalizable theory. In their approach, the conventionally non-renormalizable 
interactions coming from massive states, as well as the superrenormalizable interaction 
resulting from the tachyon, are treated on equal footing with the renormalizable interac¬ 
tions of the massless states. However, there are some problems with this approach. One 
of them is lack of covariance under the transformation of the target space coordinates. 
For example, the equations derived in []^ had a flat background; as a result, they were 
not explicitly covariant even under the usual coordinate transformations (local coordinate 
invariance) associated with gravity. Also, as pointed out by them, the equations do not 
seem strong enough to eliminate the states that are absent from the string spectrum. We 
will overcome both of these problems, at least for the hrst massive level, by combining the 
renormalization group approach with the traditional background held approach (see, for 
example [0). Our approach will ensure covariance under not only local but also arbitrary 
non-local coordinate transformations, and by both considering a non-renormalizable action 
and also non-local coordinate transformations which mix up levels with different masses, 
the traditional treatment [Q will be extended to include massive levels of the string. 

Our starting point is the partition function 



( 2 . 1 ) 


We will specify Xo and S' in terms of X and the action S shortly. The action S, which is 
a functional of the string and a function of the cutoff parameter A, can 

be written as 




( 2 . 2 ) 


Vf"'A^„,„„.(A)X"'’ +S,„.|V]. 


1 same as X^{a). In this paper a always stands for worldsheet coordinates. All 

other greek indices refer to spacetime coordinates. 
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The cutoff appears only in the quadratic part of the action through the regularized free 
inverse propagator A; 5'int is independent of the cutoff. When not essential, we will 
suppress the dependence on the cutoff; later, the cutoff dependence will be specified more 
precisely. 

The primary goal of this paper is to formulate the string field equations in a form 
covariant under arbitrary functional transformations of the background field Xo'- 

^ (2.3) 


We shall adopt the usual language of differential geometry: Tensors will be labeled by 
a composite index like na, and upper and lower indices will undergo the standard transfor¬ 
mations of contravariant and covariant tensor indices. Also, when no confusion can arise, 
we follow the convention of summation over repeated discrete indices fiu, and integration 
over repeated continuous indices cr, a'. Here, a stands for the worldsheet coordinates uq 
and Ui; the worldsheet metric is Euclidean. In the standard background field method, 
it is convenient to define a new coordinate variable as a function of an internal 

parameter s through the geodesic equation 


with the boundary condition that, at s = 1, = 1) = X^^, where X is the original 


variable that appears in (|2.1|) . As in this case, when the parameter s is omitted, this will 
mean X at s = 1. The classical background field Xo is given by X^^{s = 0) = and 

it is also useful to define the tangent at s = 0 by [dX^^ [s)/ds)s=o = ■ The connection 

T is yet unspecified; it is introduced in order to have covariance under ( p.3|) . We shall 
see later on that quantum corrections break this group down to transformations with unit 
functional determinant: 


det (^) = 1. (2.5) 

The idea of the background field method is to change variables in ( ^.1| ) from A = A(l) 
to ^ at fixed Aq in order to exhibit the dependence on the classical field explicitly. This is 
conveniently done by expanding A and also the action in powers of the parameter s and 
setting s = 1 at the end. For later use, here we write down the first three terms of the 
expansion of A: 




xr + e’ - + ■■■ 


(2.6) 
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In the same way, the action can be expanded: 


S[X] = S(X„1 + ^S[X(S)] 


s=0 


+ i £,S[XU)] 




s=0 


= s[xj + + sr, 


= S[X„,(]. 


(2.7) 


Here, Sr denotes the cubic and higher order terms in ^ in the expansion of S. The 
propagator G in the presence of the background held is given by 


G 


a(7,p(7' 


i^o) 


S^SjXo] 


5X^'^" ^ 


( 2 . 8 ) 


We are now ready to dehne S': it is gotten from S by subtracting the term linear in 


S'|W.5]=S|7f(l)]-^ple". (2.9) 

It is well-known that the transition from S to S' in the background held approach is 
equivalent to the introduction of a background held dependent source. Changing variables 
of integration from W to ^ in ( p.l|) , the partition function can be written as 


ZIX,] = j[DX] e^' 


( 2 . 10 ) 


where we have defined 


det I I = exp (Ad). 


( 2 . 11 ) 


From now on, we will drop the subscript on Xq, X will stand for the classical background 
held, and in order to avoid confusion, the original held X will be denoted by W(l). Wl, 
the log of the Jacobian, can be computed from ( ^.6|) ; we write down the result to quadratic 
order in 

M = -( + Mr, (2.12) 


+ Mr, 

where is at least cubic in The combination of the Ricci tensor and the covariant 
derivative that appears on the right hand side of this equation is explicitly given by 


g-^/3cr,7cr' T 


OL<7 

olg" , 70 ’' 


X-pCXG 

^G^ ^glg'* 

5X^^" ^ 


5XP^ 


+ 


rpacT 

(3<j,a<j" 


^ / -patj ■ I opctfj pz/CT 

g y i^g'^' ,I3g^ olg” ^'^g' f- 


olg” ^vg'”^ 0g^^g' 


(2.13) 
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We note that 

a) M is of order h; it is a quantum correction to the classical action. 

b) We dropped the term linear in ^ in ( |2.12|) ; this can be taken care of by redehning S'. 

c) Referring to (|2.12| ), we see that the hrst term on the right, the Ricci tensor, is co¬ 
variant; however, the second term, which is the covariant derivative of the contracted 
connection, is not. If the connection is derived from a metric, as will be the case here, 
we have 

p/tcr' _ 1 

aa,/3a' - ^ ' 

Here, g is the determinant of the metric. From this, one sees that this term is covariant 
only under coordinate transformations with unit determinant. Therefore, although we 
have started with a fully covariant classical formulation, quantum corrections break 
the full diffeomorphism group down to transformations with unit determinant. 



The next step in our program is to expand the partition function (see ( ^.1U| )) in 
a perturbation series. However, in contrast to the usual perturbation series, each term 
in our series is invariant under the restricted (unit determinant) transformations ( (|2.3|) , 
( 1^.51 )). In deriving the perturbation expansion, we follow the standard functional approach 
discussed in the textbooks (see for example 0 ). First, we dehne a free partition function 
Zo in the absence of interaction (except with the external held), coupled to an external 
source J: 


Z4X, J]= jm exp (^^(W) -f 


exp ('^(W) - iTrlogG'T 


(2.15) 


Here, G with the upper indices is the inverse of G with the lower indices. The full partition 
function can now be written as 


Z{X) = exp {S,{X, P)) Z„(X. J) I 


(2.16) 


where, 

and P, which replaces ^ as the argument of Sj in (BTTB), is given by 

h 


(2.17) 


= -i 


5J, 


/iCT 


(2.18) 









In (|2.16|) , after the functional derivatives with respect to J act on J), J is set 

equal to zero. Eq. (|2.161) can be used as the starting point of a perturbation expansion in 
powers of Sj. It is easy to see that the invariance under the coordinate transformations 


I), subject to the constraint (|2.5|) , are preserved in this expansion, if at the same time, 
J and P are transformed by 


J, 


SF’- 


^.(T 




J. 


pfia 




p. 


(2.19) 


Since we are dealing with a non-renormalizable interaction, the series is badly diver¬ 
gent. To have a well dehned answer, we introduce a cutoff in the quadratic term in the 
action (see ( p.2|) ). This cutoff in general violates the coordinate invariance described above. 
We shall later see how to deal with this problem; in fact, the solution will be at the heart 
of the derivation of the string equations. 

Among the coordinate diffeomorphisms, conformal transformations on the world sheet 
will play a special role. They are given by 


a+ /+(cr+,a_), a- ^ /_(a+,a_). 


( 2 . 20 ) 


where 

Of = ao + icTii cT_ = (To — i(Ji- (2-21) 

In what follows, to save writing, we will only exhibit the formulas corresponding to the 
/-I- transformations; the /_ expressions can be obtained from these by an interchange of 
-|- with —. The string held equations follow from demanding that the partition function 
( P3.1|) be invariant under the conformal transformations. The hrst thing to check is the 
invariance of the quadratic part of the action in (|2.2|) ; in the absence of the cutoff, A is 
given byi 

X^a,u<T' (A = 0) = (2.22) 

and is conformally invariant. Here, is the hat Minkowski metric. We introduce the 
cutoh by dehning 

(A) = 77^, A,,,. (A). (2.23) 

^ Whenever dcr_^ acts on a function of only cr, not cr and a', it will be written as just 
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It will turn out to be useful to also define the following related functions: 


^dVA<,,<,/(A)A'"''""(A) = 5^{a-a"), fdh'Sl{a,a')dl{a'^a") =S^{a-a"). 


(2.24) 


The detailed structure of these functions is not important; all one needs to know is that 
h^(cr, a') and S\{a, a') are smoothed out versions of the two dimensional Dirac delta func¬ 
tion, and they are chosen so that Acr^cr/(A), and as many derivatives of it as needed, are 
finite at cr = a', when the cutoh is finite. Notice that, unlike the propagator used in |l[], 
our propagator need not vanish at cr = a'. Asa result, in contrast to |^, we shall encounter 
cutoh dependent terms in our equations. In some cases, these can be eliminated by renor¬ 
malizing, for example, the slope parameter. In other cases, when such a renormalization 
is not possible, we will consider it as an anomaly and set its coefficient equal to zero. This 
will then provide additional useful information. For example, the field equation for the 
dilaton is derived in this fashion. 

The cutoh violates conformal invariance; A with cutoh is no longer conformal invari¬ 
ant. To restore the conformal invariance, we have to supplement the transformations (|2.20| ) 
by a suitable variation of the cutoh parameter(s). Specializing to infinitesimal variations, 
we define 

5 = 5a + 5„, (2.25) 

where 5„ is a “-I-” infinitesimal conformal transformation, which corresponds to taking the 
F in (^7^) and ( p.l9|) to bei 


F„^'"(A) = u(a+)9+A^'", (2.26) 

with a similar expression for the ” transformations. Here v is an arbitrary function 
of Of, parametrizing conformal transformations. The variation d\ is defined so that the 
quadratic part of the action in (|2.2| ) is invariant under the total variation 5, resulting in 
the equation 


da+ (u(a+)Acr,cr'(A)) 8^^ (u(ct+)Ac,,c,/(A)) - 5a (Ac,,c,/(A)) = 0. 


(2.27) 


^ Then 5v = Jd%rn(cr+)d+A'^‘^^^A^, but in general Sv = F^^{X) 


F is not the same defined in 
with the tilde dropped. 


jxT^- more precise, this 

and (1^) , but is the F defined by F^'"(A) = + F^^{X), 
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Later on, we will also need the cutoff variation of the propagator, so the variation of 
the function A'^’‘^(A), which is the inverse of Acr,(T '(^)5 is needed. At first, it may seem 
that the inverse also satisfies the same equation; and this would be true if the inverse 
were unique. However, there is a well-known ambiguity in going from A to its inverse; for 
example, in the absence of cutoff 

A'^’'^ (A = 0) = -^ log ((a - a')^) -1- /c+(a+) /c_(cr_). (2.28) 

47r ^ 


The functions and k- are arbitrary, resulting in a non-unique inverse. The variation of 
the propagator under the change of the cutoff also suffers from the same ambiguity. This 
ambiguity can be resolved by demanding that the ultraviolet cutoff does not change the 
long distance behavior of the propagator®. Imposing this boundary condition, we have the 
following equation: 


n(a-+)a,. A-’- (A) + A"’" (A) - 


(A) = 


1 v{a+) - r;(4) 
47r Of — 


(2.29) 


Comparing ( |2.27|) to ( |2.29|) , we note that, because of the boundary conditions at large 
distances, an extra term appeared on the right hand side of ( p.29|) . This term is the source 
of the conformal anomaly; in the string equations of [|^, this anomaly is cancelled by 
the explicitly conformal non-invariant terms in the action. The above equation will play 
an important role in the calculations that follow: In applying the fundamental equation 
(2.38) to special cases, one needs an explicit expression for the variation of the propagator 
under the change of the cutoff; namely the term JaA'^’'^ in the above equation. This 
equation therefore provides the needed explicit expression. Another point that needs to be 
clarified is the dependence of on the variables a and a'. We would like to impose two 
dimensional rotation and translation invariance on the world sheet even in the presence of 
the cutoff. There is no problem in imposing both of these invariances for a fixed cutoff, 
however, when the cutoff is changed infinitesimally from this fixed value, its variation is 
given by (|2.29|) and it is clearly no longer translation and rotation invariant. This is the 
consequence of the translation and rotation non-invariant long distance boundary condition 
imposed in determining the cutoff variation. 


For a detailed treatment of this question, see 
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The generators of conformal transformations, in the form they are expressed in ( |2.26|) , 
are not covariant nnder general coordinate transformations (|2.3|) . They can be cast into a 
covariant form by writing 


Fr(X) = v{o+)a+Xl‘- + dh'v{ai)f^r{X). 


(2.30) 


The fnnction / is introdnced to make F transform as a vector in the indices fia] note 
that the subscript a' in is not a tensor index. A further constraint on / comes from 
demanding that satisfy the Virasoro algebra. We will specify this function later on when 
we discuss concrete examples. 

We are now ready to write down the fundamental string held equation; it is obtained 


by demanding the invariance of the partition function under the conformal variation (|2.25|): 


dZ{X,A) = 0. 


(2.31) 


We note that this is not merely a requirement of covariance but one of invariance. In this 
respect, acts like a Killing vector that generates the conformal symmetry. Carrying 
out the operations represented by 5 on the right hand side of (|2.16|) gives 


exp(^j(A,P))7f(A,P)exp ( J, 


= 0 , 


(2.32) 


j=o 


where 'H{X, P) will be dehned shortly. From this equation, it is tempting to conclude that 


n{x,p) = 0 . 


(2.33) 


However, this conclusion is not correct; eq. (|2.33|) is too strong as it stands. This is because 
of the existence of an identity of the form 


exp(^,(A,P))A^-(A,P) 




exp 


// o m 


/3(t" 


where K satishes 


§pfia 


= 0 , 

J=0 

(2.34) 

(2.35) 


but is otherwise an arbitrary function of X and P. This identity, easy to verify directly, 
can be understood as follows. Reversing the steps leading from (|2.1CI|) to (|2.16|) , one can 
get rid of the operator P and write the above identity as an integral over the variable 
The identity is then satished by virtue of the integrand being a total derivative. A 
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total derivative corresponds to an infinitesimal change of variable in the integral in (|2.10|) ; 
therefore (|2.34|) is eqnivalent to the invariance of (|2.10|) under such a change of variable. 
Eq. (|2.35|) expresses the restriction that the Jacobian of this transformation is unity so 
as to leave the action unchanged, and ( p.33|) amounts to deducing the vanishing of the 
integrand from the vanishing of an integral and it is therefore too strong; the correct 
equation should be 

« = I ^ . (2.36) 


and (p.32|) is satisfied by virtue of ( p.34|) . 


The function Ti can be determined by carrying out the variations indicated in (|2.31|) ; 
the result is 




+ P’' 






5F!f^ 


SX^'^" 

dSi dSi 


+ 5 A 


^aCT ,l/(T 


S{X) + Si{X,P) -^Tr\ogG{X)^ 
5F'^^' 






= 


dX^'^ 
dSi 


(2.37) 


_I ^ -phXJ 

§p^cr 


Eq. ( |2.37| ) is our version of renormalization group equations for the string action S. 
As it stands, it has two unusual features: 

a) It is an equation in two variables X and P, whereas the standard renormalization 
group equations are in a single variable, the background field X. 

b) It contains a f un ction K^^{X, P), arbitrary except for the constraint given by (|2.35|) . 


We will now show that these two seeming defects cancel each other; it is possible 
to convert ( p.37|) into an equation in a single variable X by taking advantage of the 
arbitrariness of the function K. To see this, imagine expanding Sj, Ai and AT in a power 
series in the variable P. By equating different powers of P on both sides of the equation, 
we obtain an infinite set of equations, each in the single variable X. Let us now focus on 


the equation zeroth order in P. Since the right hand side of ( p.37|) starts with a linear 
term in P, this equation receives no contribution from K. This follows from the fact that 
Sr, A4 and therefore Sj all start at least quadratically in the expansion in powers of P. 
We therefore have an equation in the single variable X and free of the ambiguity coming 
from K: 

Eg + Em = 0, (2.38) 
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where, 


Eg = Fr 




+ 


S-^TrlogG^ , 


(2.39) 


and 


Em — o 


dGf^ 


5X 


^ 5Fit 


X 


5‘^M 


§p,ia§pi. 


7T + 


5X^^'' 
5M 5M 

§ptia §pua 


G 


<xa ,U(T 


+ 


SFi-, 


5X^ 




5aG^^’ 


(2.40) 


= 0 . 


p=o 


This equation is the fundamental result of the section. In the next two sections, it 
will provide our starting point for the derivation of the string held equations. 

We end this section with a couple of comments: 

a) Eq. ( p.38|) is a a one loop result, which one can verify either by counting powers of % 
or more simply from the appearance of the “Tr log” type terms. It should therefore 
agree with the standard treatment [Q for a renormalizable action S. We will make 
this comparison in the next section. 

b) This observation leads to an apparent paradox: No approximation has been made in 
deriving (p.38| ), yet it is clearly a one loop result. We have to conclude that the one 
loop result leads to exact string held equations. 

c) There are of course an additional inhnite number of equations coming from higher 
powers of P. These equations can then be used to determine the unknown function 
K^^{X,P). One can then extract relations not involving K by using the constraint 


( p.35|) . These appear to come from two or more loops. We do not know whether 
these equations are redundant, or whether they contain additional information, which 
would then supplement the one loop result but not change it. 

d) Eq. ( p.38|) contains two unknown functions: The Killing vector and implicitly, 
the connection (See (p7q)). They have to be expressed in terms of the fields 

that appear in S. This will be done in the following sections. 


3. The Tachyon and the Massless Level 

In this section, we will apply the formalism developed in the last section to the two 
lowest levels of a closed, unoriented bosonic string, the tachyon and the massless level. 
Ideally, one would like to start with S as an arbitrary functional of X^'^ and try to solve 
( p.38|) in all its generality. However, this direct approach seems hopelessly complicated and 
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not particularly useful. Instead, the problem is made tractable by expanding S in powers 
of the a derivatives of . We will call this the quasi-local expansion. This expansion 
is quite natural from the point of two dimensional held theory on the world sheet and 
it has been the basis of most of the work done on this subject. From the string point 
of view, it is an expansion in the level number, two derivatives in a corresponding to an 
increase of one unit in level number. We note that as a consequence of two-dimensional 
rotation invariance on the world sheet, which we shall always assume, there is always an 
equal number of derivatives with respect to cq_ and a_. It is then convenient to introduce 
a parameter “6” to keep track of the expansion: The held representing the nth level of the 
string will be multiplied by For example, the tachyon has coefficient b~^ and the 

massless level is independent of b. The hrst two terms in the quasi-local expansion of S 
are then given by 

S = + ■ ■ ■ = [dh (6-^$(W(a)) + . (3.1) 


Here and in the sequel, we have adopted the following notation: The superscripts (—1), 
(0), etc., refer to terms in S proportional to the corresponding powers of b. Expressions 
like $(W(cr)) denote local functions of the coordinate X{a), whereas expressions such as 
F^^{X) denote functionals in the same coordinate. Also, we should make clear that the 
parameter “6” is merely a bookkeeping device and can be set equal to one at the end of 
the calculation. 

In the same spirit, the coordinate transformations (|2.3|) have a quasi-local expansion: 


= r(W(a)) + bf^^,x{X{a))d+X^^d-X^^ + bf>^ ^d+d-X''%X{a)) + ■■■. (3.2) 


The hrst term is the local coordinate transformation associated with gravity; terms 
with increasing powers of b contain higher derivatives of a and become increasingly non¬ 
local. In this section, we will only be concerned with invariance under local transformations 
represented by the hrst term in (|3.2|) . However, the general strategy, pursued in the next 
section, is to determine , the generator of the conformal transformation (see (|2.30|) ), 
and the connection F as a power series in b so as to achieve covariance under both local 
and non-local transformations. To zeroth order in 6, F, the generator of the conformal 


transformations, is given by the hrst term in (|2.30|) ; the function is at least of hrst 
order in b. 


15 





To simplify the exposition, we have so far neglected the cutoff dependence in S (see 
(ill))- With the cutoff restored, the second term in ( p.l|) should read 

JdhdV (3.3) 

where g is given by 


^ ^') + h^,^{X{a))6^(a - o'). 


(3.4) 


5\{a^ a') is dehned in (|2.24|) and h is a cutoff independent local function of W(cr). 


We have now to determine the connection T and the generator of conformal trans¬ 
formations to zeroth order in b. We have already observed above that F is given by 
( pj.26|) to zeroth order, since / in ( ^.301) is already hrst order in b. As for the connection, it 
will be derived from a metric that transforms correctly under local transformations. The 
standard choice for the metric made in sigma model calculations, which we shall adopt, is 
the symmetric part of g in 


g^a,U(j' 2 (l7/4cr, i/(t' T ,/4(T) g^i'd\{(T,CT ) -|- (A(cj))5 (cT (J ), (3-5) 


where. 


hnu — — ( haiy + hi. 


(3.6) 


The connection, to zeroth order in b, is given in terms of the metric by the standard 
formula: 

-pficr _ 1 ^ 0 -, Act'" f ^9\cr"’ 5goicr',Xa"' _ A 

oia',pa" - 2^ \ 5Xh<^" 5X^^"' ) ' ^ ’ 

With these preliminaries out of the way, we are ready to write down the held equation 
for the tachyon held. This we do by extracting terms lowest order in b, proportional to 
b~^, from ( 2.38 ). Notice that only Eq contributes. The equation reduces to the following 
simple form 

<'dhv(a+)a+Xi'-j^ + 3a) (^S;-”|V] - iTrlogG(-i>) = 0. (3.8) 

The hrst term on the left is easy to calculate: 

l'dyv{o+)d+X'“’j^ (Ah’iv) = - fclhv'{o+)iS!{X{a)). (3.9) 
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In calculating the contribution of the second term, we take advantage of the following 
simplihcations: We are going to drop all the non-local terms that can arise in the expansion 
of this term. Such non-local terms are in general present since the action S that satishes 
( pj.37|) is not necessarily one particle irreducible, and we wish to extract the one particle 
irreducible part that is local. Another simplihcation follows from the fact that the result 
clearly is going to be a covariant Klein-Gordon equation for the tachyon held $ in the 
background metric g. We can then hrst linearize this equation by expanding to hrst order 
in of (|3.5|) around the hat background, and then covariantize the result to arrive at 
the full answer in an arbitrary background. This will be our strategy in the rest of the 
paper; only the linear part of the held equations will be computed in the presence of a hat 
background, and the result will be generalized to a non-trivial background, making use of 
the powerful restrictions resulting from covariance. 

Eq. ( p78|) is linearized by setting 

G ^a,vcr'{X) = 2A^cr,i/(T' + H^cr,ua'{X) , (3.10) 


and by expanding the “Tr log” to hrst order in H: 


TrlogG= 


(3.11) 


The linear part of H, to order b is given by 

In calculating the left hand side of (|3.8|) , the following identity proves useful: 

5 r S^S \ 1 5^ 


(3.12) 


dh" v{4)d+X^^" ■ 




= A^"” 


5X1^^ 5X^'^' 


X (^jdh" v{4)d+X^‘^" 


SS 


dX^'^ 


d^S 


dXt^'^dX^ 




(3.13) 


The second term on the right hand side can be calculated making use of (|2.29|) , leading 
to the equation 


' dh n'(af) 


-$(A(a)) + ^d^d^^X{a)) + ^AW(A)c>^9^$(A(a)) 

lOTT ^ ^ 


= 0, (3.14) 


17 















where A*^'^)(A) is the propagator (A), evaluated at a = a'. By translation invariance, 
it is independent of a. Since $ is only a function of and not of its derivatives with 
respect to a, it follows that 

1 


+ iA'">(A) j a^a^^iXia)) - iS!{X(a)) = 0 . 


(3.15) 


The term A*^°)(A) is cutoff dependent and it blows up as A — oo. This cutoff depen¬ 
dent term can be eliminated by explicitly introducing the slope parameter which we have 
suppressed and by renormalizing it. The same cutoff dependent term is encountered in the 
equations for the higher levels and it is again eliminated by the same slope renormalization. 
Finally, ( p.l5|) can easily be generalized to an arbitrary background by using the metric 
given by ( p.5|) and casting it into a covariant form. 

The next step is to derive the held equation for g, which includes both the metric 
((|3.5|)), and the antisymmetric tensor 




(3.16) 


To do this, we have to extract zeroth order terms in b from (|2.38|) . It is useful to 
distinguish between the two terms Eg and the former coming from the variation 

of the TrlogG, and the latter coming from the variation of M.. The reason for this 
distinction is that the Eg is cutoff independent, whereas Ej^ is proportional to a cutoff 
dependent factor. We will argue later that these two terms must vanish separately, yielding 
two separate equations. The hrst of these will be the equation for the metric g and the 
antisymmetric tensor B ; the second will provide the equation for the dilaton. Our strategy 
is again to expand around the flat background to hrst order in h and B, and use covariance 
to arrive at the full answer. We make use of (|3.11|) to calculate TrlogG, extracting the 
linear piece in h, and using (|2.29|), we hnd 


E, 


(0) 

G 




+ d 


= — ^ [dhdh 

47r./ 


/ ^( g+) - V{.(T+) 
0+ -ct| 


'A 


tt{G) 


(A) 


lin 




SXI“’SXI“’' 


+ 2«"(cr-cr')ri„(v(cr))a+a-V 


lin 


(3.17) 

Here, the subscript “lin” refers to terms linear in h. The T that appears on the right 
hand side is the linearized form of the co nn ection (|3.7|) : 




(3.18) 
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where, 


= ^V^^idcKpiXia)) + d^KAX(cT)) - a^h„f,(X(a)) 


(3.19) 


The functional derivative of can be calculated from (|3.1|) , and repeating the steps that 


led to ( p.l5|) gives the following held equation: 


- d„df,hf,\ + d^dxh^^ - 28x1'’' = 0, 


(3.20) 


where □ = 8^8^. Here, since we use a hat metric to raise and lower indices, there is no 
real distinction between upper and lower indices. This will be understood whenever we 
have repeated upper or lower indices. 

The equation above came from the conformal transformations in the variable a_|_. The 
other set of conformal transformations in the variable a- result in an additional equation: 


= 0 . 


(3.21) 


It is now convenient to combine these two equations and rewrite them in terms of 
h and the antisymmetric tensor B. Interestingly, we hnd that, without any reference to 


( 3.19|) , these equations hx the contracted connection T up to an arbitrary scalar held (j), 
which we shall identify with the dilaton held: 


— 8^h^x + 8x4>^ 


and we arrive at the following equations for h and B: 


(3.22) 


- d^8.h.x - dx8aha^ - 28„8x<i) = 0 , 


(3.23) 


nB^x - 8^8f,B^x + 8x8f,B^^ = 0. 

Comparing with (b.l9|) determines cj): 


2 


(3.24) 


(3.25) 


and substituting this result back into (|3.23D gives the standard equations of gravity without 
source in linearized form. The equation for the antisymmetric tensor B^i, is the linearized 
version of the standard result of H. 
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Up to this point, we have not taken into acconnt Ej^. Let us hrst calculate the M. 
dependent factor in (p.40|). From equation (|2.12|), we hnd that 


5^M 


1 


1 / 5V\% _ 


p=o 


\(j" 


+ 


rpAo-" 

\a" ,1'a' ^ 


5X^^^ 


SX^-" 


(3.26) 


= --A(»)(A)«"(ff - a') (a.rJ„(X(CT)) + dpAX(a)) + dxFpXia))). 


The term which is quadratic in Xi will not contribute since it is non-linear (and also 
non-local). To the order we are considering, the hrst factor on the right in (|2.40|) can be 
evaluated by setting equal to , with the result. 






SPfFcr^pi 


P=0 


2471 


A'»>(A),,'‘" dhv'(a+) {2ap^(X(a)) + ap,(X(a))). 


(3.27) 


We see that unlike the cutoff independent Eg, Em is proportional to the cutoff depen¬ 
dent factor A*^®)(A). It easy to show that this term cannot be eliminated by the addition 
of any local counterterm to S, and therefore, it must be set equal to zero by itself. This 
gives us the additional equation 


= 0 , 


and combining this with (|3.23|) and ( |3.25|) , we hnd that 


and 


Uh 


flU 


□Vu = 0, = 0, 


d^^dxhxu - d^dxhx^, - d^d^hxx = 0 . 


(3.28) 


(3.29) 


(3.30) 


Equations (|3.29| ) and (|3.3U|) describe the coupled graviton-dilaton system in the linear 
approximation. To see this, we note that these equations are invariant only under coor¬ 
dinate transformations of unit determinant, which, linearized, results in invariance under 
gauge transformations 


h,. 




(3.31) 


with the important restriction that = 0. This restriction to unit determinant was 

explained in section 2 in the paragraph following ( p.l4|) . As a consequence, the trace of 
h, which can be gauged away if there is invariance under unrestricted coordinate 
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transformations, can no longer be eliminated and becomes a dynamical degree of freedom. 
Up to normalization, we identify it with the dilaton held cj). The natural candidate for the 
graviton held is the traceless component of h: 

(3.32) 


where D is the dimension of space. We identify h with the graviton held in the gauge where 
the metric has unit determinant and as a consequence, the graviton held is traceless, h also 
satishes (|3.30|) , which is the correct equation for the graviton coupled to the dilaton in this 
gauge. We would like to point out the diherence between our treatment of the dilaton and 
the standard approach. In the standard treatment, in addition to X^'^, the dilaton held (j) 
is introduced in the action from the beginning, and the theory is regularized by going from 
2 to 2 + e dimensions on the world sheet. We stay with a two dimensional world sheet, 
regularize only the free propagator (see (|2.2|)), and the dilaton held is identihed with the 
log of the determinant of the metric. This identihcation is only possible because the full 
coordinate invariance is broken down to transformations of unit determinant. 

We end this section with a few observations: 

a) So far, we have worked out the coupled system of the graviton, dilaton and the anti¬ 
symmetric tensor only in the linear approximation. As stressed earlier, the full depen¬ 
dence on the graviton held follows from covariance. However, we have not calculated 
the higher order contributions in the dilaton held cf) and the antisymmetric tensor held 

It would be interesting to compare these to the results of P], although such a 
comparison is plagued with ambiguities due to possible held redehnitions involving 
the dilaton held. It is also not clear that we should even consider the antisymmetric 
tensor: Our approach works only for the left-right symmetric string models and the 
antisymmetric tensor decouples in that case. 

b) In the presence of the cutoh, the coordinate transformation, given by (|3.2| ), has to be 
modihed to preserve the invariance of the action. In the linear approximation, the 
modihcation is 

Jdh'5l{a,a')f^iX{a')) + ---. (3.33) 

Although they are not needed in this paper, the non-linear corrections to (|3.2| ) can, 
in principle, be worked out. 

c) There is an ambiguity in the expression for the connection given by ( |3.19|) , which is 
the standard result of differential geometry derived from the metric. However, since 
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we insist on invariance under transformations with unit determinant, we are free to 
modify the metric by, for example 


9^,l^ —^ fir^^(det5f)^. 


(3.34) 


where k is an arbitrary constant. The modihed metric leads to a modihed connection, 
and to a new set of equations. These equations are not, however, physically different 
from (|3.29|) and (|3.30| ); they correspond to held redehnitions involving the dilaton held 
mentioned above. This becomes clear by noticing that the dilaton held can be taken 
to be the log of the determinant of g', then (|3.34| ) is a dressing of the metric by the 
dilaton held. 

d) It is of some interest to hnd out what would have happened, if we had carried out a non¬ 
covariant calculation. This means setting the connection T equal to zero throughout, 
and referring to the equations (|3.2C1|) and ( p.21|) , it amounts to choosing the gauge 


— d h 


'fj.il'tiX 


V = 0- 


(3.35) 


Therefore, the equation for the graviton comes out gauge hxed, but otherwise correct. 
What is missing is (|3.29|) , the equation for the dilaton held. This is because the 
equation of motion for the dilaton comes entirely from Ai, and with connection equal 
to zero, A4 is also zero. 


4. The First Massive Level - Non-Covariant Approach 


In this section, we shall investigate the hrst massive state, using the tools developed 
in section 2. The particular question we would like to address is whether the spectrum of 
states that follows from the linear (free) part of the equations of motion we are going to 
derive is consistent with the known spectrum of the hrst massive level of the string. This 
is clearly a necessary test any successful candidate for string held equations must pass. Of 
course, in addition, the non-linear part of the equations should reproduce the interactions 
of the string theory. We will not address the question of interactions here, apart from 
observing that the stringent requirements of covariance we are going to impose probably 
hx the interaction uniquely. 

The held equations will again follow from (|2.38|) , given F (( p.30|) ) and the connection 
T to hrst order in b. For the sake of comparison with the non-covariant renormalization 
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group approach of Q , we will first carry out a calculation with vanishing connection and F 
given by (|2.26| ). Comparing the resulting physical states to those of the string, we will hnd 
that there are too many of them. In the next section the calculation is done covariantly: 
We start with F and F derived from a metric, suitably dehned so as to satisfy invariance 
under coordinate transformations O and (|2.5| ) to hrst order in b. The resulting set of 
states appear to be consistent with those of the left-right symmetric string model. We 
conclude that only the covariant approach yields equations powerful enough to produce 
the spectrum of at least the left-right symmetric string theory; the equations resulting 
from the non-covariant approach turn out to be too weak. 

The starting point is the hrst massive level, written out in full generality: 

+ el}l^d+d.xi“d+d.x'‘- + e£>^,aia_x«a_x» 

(4.1) 

where the e’s in this expression are local functions of the held Here and in many of 

the equations that follow, we have also simplihed writing by replacing, for example, 
by 

Eq. (|4.1|) is highly redundant because of the existence of linear gauges. These result 
from the possibility of adding zero to (|4.1|) by adding a total derivative in 0 + or in a_ to 
the integrand. Such a possibility already exists for the zero mass level; adding 

0 = Jdh (8+ {d-X^^K^{X{a))) - 8- {8+X^^K^{X{a)))) (4.2) 


to (|3.1|) amounts to the well-known gauge transformation of the antisymmetric tensor B: 


+ 8f,A^ - 8^A^. 


(4.3) 


For the hrst massive level, the situation is more complicated; there are six distinct 
linear gauge transformations. These are discussed in Appendix A, where it is also shown 


that, making use of these gauges, all but three of the helds appearing in (^T] ) can be 
eliminated. The resulting linear gauge hxed form of reads 




(4.4) 


+ e^,^,^,8+8-X>^^8+X>^^8-X>^^ + e^,^,8+8-X>^^8+8-X>^^) . 
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It is also shown in Appendix A that this form of is in fact completely gange hxed; 
in contrast to the massless level, there are no linear gange transformations left of the form 
( [4.3| ) that map it into itself. It is now easy to carry ont the non-covariant calcnlation by 
substituting S given by (|4.4|) in (|2.38|) , and setting F = 0 and F to the value given by 
( p.26|) . The resulting equation is 


(y*' v(a^)d+X^-" - 1 A*-'-' 


52 ^( 1 ) 


5X^^^5X'■ 


= 0 . 


(4.5) 


The second term of this equation can be evaluated with help of the identities (|3.13| ) 
and (UM) : 


'dh" v{a^)d+X 


\a" ^ 


5X^^ 


+ 5a 


52 ^( 1 ) 


5X^^^5X^ 


= 


7 / dVv{al)d„_^X 


\(7 




1 


——I d^adh 


,v{a+) — v{a+) 


dXf^^dX^'^'j 5X^^" An, 

Setting = jdhU{X{a)) and using the above results gives 


a+ - ffi SXi'‘^SXi‘^'' 
(4.6) 




clh'v'{4)U(X(a’)) 


+ j_ Uuh' = 0 , 


(4.7) 


IGtt 


0+ - cry dX^^'^dX^ 


The last term in this equation can be evaluated after a tedious but straightforward 
calculation, with the result 


a+ - ai dXf^'^dX/^^^' 


1 


^ ( ('^6/41^2,!^11^2 I Q '-m/7,1^1 !^2 






^2 




(□e 


- d,,e 


MiAt2 i^M'-/7l/7/i2 


+ xe 


MA‘,Ml/i2 




-29„e 




,/72/73 ' 2'^/7l'-M/7,/72/i3 






A ^M®/71/7/72 ^ 2'-/7/i,/il/42 


(4.8) 
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One has to take into account possible gauge invariance of the integral on the right 
hand side of this equation. Because of the presence of the factor the gauges are 

generated by adding a total derivative with respect to a_ only, and as a result, there are 
only three of them, as opposed to six in the case of ([4.11). In writing down (|4.8|), we have 


already eliminated all redundant terms and hxed the linear gauges completely. 

Let us now evaluate the second term in O- As opposed to (|4.8|) , which is cutoff 
independent, here we encounter only cutoff dependent terms. These terms are proportional 
to (A) and its derivatives, evaluated at cr = o'. By rotation invariance on the world 
sheet, the number of derivatives with respect to Of must match those with respect to a_. 
Dehning 

= Af (A), 
s Af (A), 


(4.9) 


we have. 


^/xcr,; 


Hh" v'{ol)U{X[o")) 


smg 


=jdhv'io+) 


'^2 


+ A2 ^(A) ( 

+ 2Af(A)e,,). 


+ 2a„e 




+ 2d, 




4a^5me^^.)a+V'‘'5_V“ 


(4.10) 


These singular terms can be eliminated by renormalization as follows: The same 
slope renormalization that got rid of the cutoff dependent term in the equation for the 


tachyon (see ( 3.15 ) and the discussion that follows) also eliminates the term proportional 
to A^°)(A) here. The other cutoff dependent terms are due to the contraction of two A’s 
in the same vertex, and they can be taken care of by vertex renormalization. This amounts 
to eliminating them by introducing local counterterms in S of the form, for example. 


AS ^ const X Jc& 


(4.11) 


In the operator formulation of the string theory, these divergent terms are eliminated 
by the operator normal ordering of the vertex. 
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After renormalization, one is left with the hnite eqnations given by ( [4.8|) . They fall into 
two classes: Propagating equations of motion are (with the unconventionally normalized 
mass squared given by 16 tt) 


□ e 




+ 167re 


/Xl/X2,I^ll^2 


= 0 , 




plus constraints 






and also the constraints that come from v'{a-) 




(4.12) 


(4.13) 


(4.14) 


Comparing with the structure of the hrst massive level of the string (see Appendix 
B), it is clear that the above constraints are too weak. For example, in string theory, 
everything is expressible in terms of the analogue of 5 whereas here 

most of e^^p 2 M 3 cannot be so expressed. Clearly, the latter helds are spurious should 
somehow be eliminated. In the next section, we will see that the covariant approach 
overcomes this problem. 


5. The First Massive Level - Covariant Approach 

In this section, the held equations for the hrst massive level will be rederived, this 
time imposing covariance under coordinate transformations given by (|3.2|) . When treating 
the massless levels, covariance under only the local transformations (hrst term in (|3.2|) ) 
was imposed; we now require, in addition, covariance under transformations hrst order 
in b. We will initially simplify the problem by starting with hat Minkowski metric, with 
h = 0, in ( |3.4|) , and with the action 

S = + bS^^\ (5.1) 
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where is given by (|4.4|) . Because the metric is flat, we have to set the first term in 
equal to zero, and also take into account the introduction of the cutoff in (|0|) by 


modifying the transformations. The modification needed is similar to (|3.33|): 


X'‘"+6 ldysl(a,a'){f^,>.{X{a'))d+X-''’'d-X’'‘’'+ f^,(X{a'))a+a-X 


(5.2) 


It is easy to check that, to first order in b, (|5.1|) is invariant under (|5.2|) , if at the same 
time, the fields transform by 


^ T ffiw T fwfi- 

Since only the symmetric part of appears, from now on we will impose the condition 

(5.4) 


(5.3) 


As we have mentioned earlier, we initially work with flat metric in order to simplify 
the exposition. After having derived the held equations with the flat metric as background, 
we will then show that everything can easily be generalized to accommodate an arbitrary 
metric. 

The above transformations are subject to the condition of unit determinant (see 
This translates into 

o=iviog(g:) 

= fdhdh'dl{a,a')j^ [u,>.{X{a'))a+X-'’'a.X>"^' + /„„(X(ff'))a+S-V‘"’j. 

(5.5) 

Using two dimensional rotational invariance, several cutoff dependent terms vanish, 
giving us 

5i(0) Jdh {d^U^xd+X’^^d.X^'^ + = 0, (5.6) 

and 

= 0, (5.7) 

where we have used the fact that, by translation invariance, a), which will be short¬ 
ened to 5 a (0) 5 does not depend on a. 
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The first condition is satisfied by setting 


+ d\Ax - d^Ax = 0 . 


(5.8) 


where is arbitrary. It is interesting to identify held combinations that are invariant 
nnder the transformations (|5.3|) , snbject to the constraints ( b.7|) and (|0|). is clearly 
one such invariant; another combination which is almost invariant is given by 


dxd^Gfj^ix. 

Under (E3). k^x undergoes the following gauge transformation: 

kxX krx + 2(a„Aj - dxA^), 


(5.9) 


(5.10) 


and so it is the appropriate gauge invariant held strength constructed out of kj^x that is 
invariant. Later, we will see that this gauge invariance is broken for reasons that will 
become clear. 

We can now extend the metric given by (|3.5|) to include the hrst order correction in b. 
The key observation is that if there were no restrictions on the /’s, we could gauge away 
the helds e^ixx and by a transformation of the form (|^) by setting 


ffiuX 




(5.11) 


The metric extended to hrst order in b is then constructed starting with hat metric to 
zeroth order in b and carrying out the transformation (|5.2|) , with the /’s given by ( b.ll ): 

Xf" ^ Xf" - t b?r'5i(ff,ff') (e^„A(V(ff'))S+A:‘'"'S_V^''' +e^„(A:(ff'))a+S-V‘'”') . 

(5.12) 

The result is 

g^ia,ua' =g^jLu5x^{cr^a ) -‘r , 

k'L.r- = - {e^x(X{a))a+X‘‘-a-X^‘’ + e„„(2f(a))a+a_X“'') (5.13) 

+ {fia ixa'). 


If the constraints ( p77| ) and (|5.8|) did not exist, this would be a trivial metric, equivalent 
to a hat metric. In that case, there would be no need to go to the trouble of constructing it; 
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it would have been simpler to fix gauge by eliminating the fields and However, the 
constraints on the /’s make ( ^.131) a non-trivial metric: Because of these constraints, 
can no longer be transformed away, and neither can the e’s be completely eliminated. It 
is easy to check directly, using (|5.3|) , that, even in the presence of the constraints, (|5.13 ) 
transforms correctly to first order in b under (|5.2|) . 

From the metric given above, one can find the first order correction in b to the con¬ 


nection and the generators of the conformal transformations (see ( |2.30|) and the related 
discussion). The standard formula of differential geometry expressing the co nn ection in 
terms of metric gives 


.(l)Acr'" ^ 

fiCT^ucr' 






.(7 


2 5X^^^5X^'^ j - 


Now let us compute the corrected conformal generators. Write (p.30|) as 


Fr(X)=jdVv(aAF^r(X), 

F^f(X) =SHa' - a)a+Xi“’ + /^(X). 

where starts at first order in b. Taking advantage of the fact that F transforms like 
a vector in the indices the first order correction is computed exactly as in the case of 
the metric. Start with 

F^r{X) = - a)d+X^^^ 

at zeroth order, and apply the vector transformation law to it under coordinate transfor¬ 


mation (|5.12|) , with the result 


‘dV v{a'^)f^7 = - - dh' d„^5l{a, a'){v{a+) - t;(cr+)) 


X (^e^^x{Xia'))d+X^'^'d-X^^' +e^^{Xia'))d+d-X’'^') . 


(5.15) 


This result can be simplified in the limit of large cutoff. As A becomes large, Sl{a, a') 
5^(cr —a'), and dcr_^_S\{a,a'){v{a^) — n(cr+)) —>• —d\{a,a')v'{aj^), so we can write 


UV v{a+)f‘^7 =- dh' v\a+)dl{a,a') 


X +e„4Jf(cr'))S+a-V‘'"') . 


(5.16) 
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We have now at hand all the information needed to evaluate ( 2.38 ) to hrst order in 
6; the action is given by (^), the connection by (|5.14 ), and the conformal generator by 
( b.l5|) . Since the calculation is straightforward but somewhat tedious, we skip the details 
and instead, indicate the main steps. Part of the calculation was already carried out for 
the non-covariant case in section 4; all we have to do is to add the extra terms that arise 
from the connection and from / in ( 5.15 ). We hrst calculate the terms that contribute to 
Eq in (|2.38|) ; a simple calculation gives 

5^(0) 




= -b dhv'{a+)d+d-X>‘'’ , 

(5.17) 


and therefore, to hrst order in b, 

( 1 ) 


^Jdhv'{a+){e 


(5.18) 

since the other two terms, cancel. Next, expanding the Tr log as in 


( p.ll|) , we compute to hrst order in b: 

r(i) _ iS'"' 


H 


fi(T,iy(T' 


5^ S' 


dXi^^^dX 
+ {^cT i/a'), 


7 + d^^d^_ 


7 + e^ad+d-X'^'^)"^ 


where. 


S' = jdh (e 


All/i2,1^11^2 


Next, we apply 6 (see ( |2.25|) ) to 
the right in (|5.19|) , 


d+X^^d+X^^d-X'^^d-X'^^). (5.20) 

. The contribution coming from the hrst term on 





5‘^S' \ 


5 


has already been calculated in the last section; it is given by setting e^^^^Aia ^tJ.itJ .2 
in (|4.8| ) equal to zero. The contribution of the second term in (|5.19D , after a somewhat 
lengthy computation, is given by 


X {iia ^ ivcr')) = 

= -65a(0) Jdhv'{a+)d+X°'d-X^ (9^e^a/3 - - bdj^d-~5\{Q) Jdhv'{a+)e^^, 

(5.21) 
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with 


a+a_5i(0) = \ d^^da_5\{cF,a') 

The main steps in the computation are the following: The critical term to be evaluated 
turns out to be 

jdhdV {K)) = 

= -jdh({SASl{a, a'))^=^^df,e^af3d+X^^d-Xl^^+ ( 9 <^+ 9 <^_ 5 a 5 a (( t , a'))^=^:e^^d+d-X°‘^^, 

(5.22) 

and the cutoff dependent factors can be simplihed using (|2.29|) : 

;Mi(a,a')) ^=r;'(a+)5l(0). (5.23) 

^ / (7 = ( 7 ' 

To obtain Eq to hrst order, the above correction term should be added to (^TSP, with 




and set equal to zero. 


We now consider the term Ej^ in (|2.38|) ; a straightforward calculation gives the result 

5^TrlogWl \ 


= I [dh"v{al) 


5E^^ n, , 


.5X 


^X<^a" 

= ^ ((v(a+)d^^ + v(ai)d^^} 






P=0 


'52TrlogWl\ 


p=o 


247r 


fdUh' Tv)^h£±) 

0+ -C7| 


AF-'^cr" riT'''”''' 

Xcr" ,fi(T Xcr" ^lycr' ficr,i/a' 

7 / ^ 7 T 7 T 7 Z r 


5X^ 


5Xf^^ 


5X^^" 


Jdhv'{a+)[d+d-Sl{0)nexx 
+ 5a(0) (Ok^x - d^d^kf^x + dxd^kf,^) d+X’^d-X ^), 


IGtt 


(5.24) 

where T is given by ( b.l4|) , and k is dehned by (|5.9|). 

Putting together (^?8|), (|5.21|) and (|5.24|) in (|2.38| ), we hnally get the equations for the 
hrst massive level. These equations contain cutoff independent terms, which come only 
from (|4.8|) , and cutoff dependent terms, which all come from (|5.21j) and ( b.24|) . We note 
that all the cutoff dependent contributions come from terms proportional to the connection 
T, and therefore they are absent from a non-covariant calculation. We hrst write down the 
cutoff independent equations: 


□e 


/Xl/X2,I^l!22 


-|- IhTre 




= 0 , 


'flfl,1^11^2 


= 0 , 




,Ul/ 0, 


(5.25) 


f) p = 0 f) p — f) 
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We have one equation of motion and four constraints. In addition, we have three 
cutoff dependent equations. Two of them follow from the conformal transformations in 
0 +: 


1 


IGtt 


{nk„x - d^d^kfj,x + dxd^k^^) + k^x = 0 , 


1 


(5.26) 


IGtt 


Ocaa + caa = 0, 


where k is dehned by (^). The remaining equation (there is a fourth, repeated equation, 
for Caa), results from conformal transformations in C7_ and it is conveniently written in 
terms of a held fc, dehned by 




(5.27) 


and it reads 


IGtt 


(□/c^A - dxdf,k„f, + d^df^kxf,) + Kx = 0. 


(5.28) 


The equation satished by k is not invariant under the gauge transformations given 
by (|5.10| ). The reason for this is the following: In the computation of the determinant, 
the cutoh dependent factor 5\{a,a') at a = a' is a independent and therefore it can be 
put in front of the integral in (|5.6|) . The integral itself is then invariant under the gauge 
transformation (b.lO|) . On the other hand, in the main step leading to ( b.21|) , the cutoh 
variation of the same factor at a = a' is a dependent (see ( b.22|) , (|5.26|) , and also the 
discussion following (|2.29| )). As a consequence, an additional factor n'(af), as compared 
to (|5.6|) , appears in the integral on the right hand side of ( p.21|) , and this spoils gauge 
invariance under ( b.lO|) . It is, therefore, necessary to modify the condition (|5.8D ; it should 
be replaced by 

= 0 , 

= 0 . 


(5.29) 


Both k and k are invariant under the transformations satisfying these more stringent 
conditions. 

Going back to the equations (|5.25|) , we see that two of the constraints are too stringent. 


'HfJ.,1^11^2 


= 0 , 


'Ail/72,121/ 


= 0 , 


(5.30) 


eliminating degrees of freedom from the held which are present in the string 

spectrum (see Appendix B). The hope is that k and k could supply the missing degrees of 
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freedom. We shall see below that this happens in the left-right symmetric case, with parity 
invariance on the world sheet, which interchanges cp_ and a_. In this case, e is invariant 


under the interchange of the ^’s with z^’s, and the components eliminated by (|5.30|) are 


the same as those of a symmetric second rank tensor. We have analyzed equations (|5.26| ) 
and (|5.28|) in the left-right symmetric case, when 


— (ifiXi/- 


Dehning 


and 




A —71 —81—81 


/ — 3 f 




one can easily show that equations ( b-26|) and (|5.28|) are equivalent to the equations 

1 


IGtt 

1 

IGtt 


— 0 , 


(5.31) 


□L„,y -|- — 0, 


•'flu 


plus the constraint 


- d^dxA^^ = DL; 


(5.32) 


The number of independent degrees of freedom of the above system is the same as 
that of a symmetric second order tensor minus a scalar. The missing scalar is provided by 
so in the hnal count, the helds k and k provide the missing degrees of freedom needed 
to establish agreement with the string theory spectrum. Unfortunately, in the general case 
with no left-right symmetry, there are still missing degrees of freedom, and at the present 
time, we have no solution to this problem. Our suspicion is that our method in its present 
form is applicable only in the symmetric case, and some new ideas are needed to extend 
it to the general case. 

We close this section by a brief description of the promised extension of the results of 
this section to the case of a general gravitational background. This means replacing the 
flat background given by in ( b.l3|) by the metric of (|3.5|) . We have to 

show that the equations of this section can be covariantized with respect to this metric. 
Most of the time, the task is trivial; one has to keep the upper and lower indices of tensors 
match correctly and use the metric to raise and lower indices as needed. For example, in 
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(O), the first term on the right is correctly written, since ds^X^ and d-X^ transform as 
contravariant vectors. On the other hand, dj^d-X^ is not a vector; it should be replaced 
by 

d+d-X^^ d+d-X^^ + 


where the connection F is given by (|3.18| ). Similarly, the partial derivative with respect to 
X in (|5.13|) should be replaced by the covariant derivative using the same connection: For 
example. 


5X^^^ 




5X^^^ 




pAcr" -tr 


for a vector One can easily show that everything in this section goes through with 

these modihcations. Notice, however, that in all this we have worked only with the metric, 
which is symmetric, and we have dropped the antisymmetric tensor altogether. This is 
clearly permissible only in a left-right symmetric model. It is clear that, in order to 
generalize our treatment to the left-right non-symmetric string, we have to hgure out how 
to incorporate the antisymmetric tensor in the discussion above. 


6. Conclusions 

In this paper we have proposed a new approach for deriving the string held equations 
from a general sigma model on the world sheet. Those equations can be made covariant 
under not only local, but also non-local transformations in the held space. In this approach 
the world sheet one loop result is exact, although it may only give incomplete information, 
to be supplemented by higher loop results. We applied this method to derive the equations 
for the tachyon, massless and hrst massive level. The spectrum of states that follows from 
the linear part of these equations of motion was shown to agree with the known spectrum 
of strings. This is in contrast with a non-covariant approach, where the equations are too 
weak to produce the right spectrum. 

In this paper we only analyzed the linear part of the equations. We did not address 
the question of string interactions, neither did we attempt to extend our results to higher 
string loops. It would be desirable to go beyond the expansion we have used, and establish 
exact covariance under non-local transformations. Also, natural generalizations such as a 
better treatment of left-right non-symmetric closed string, strings with boundaries (open 
strings) and fermionic strings are worthy of investigation. 
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Appendix A. 

In this section we hll up the steps that lead from (J7T) to (O). As it was said in the 


comments that follow ( [4.11) , of the eight helds present there, all but three can be eliminated 
by linear gauge transformations. The six distinct linear gauge transformations that we can 
add to (|4.1|) are: 

4) 


+ + d+x>^^d+x>^^d‘ix^) 


+ + d+d-X^^^d+d-X^^) 


3) 

4) 

5) d+{e^^l^d+X^^dlX^-) = d,e^^l^^d+X'^d+X^^dlX^- 

+ + d+X^^d+dlX^^^) 


MlM2 + 

S_(e;,y,S+S_X'“5+X») = S,e;,y^S_X-S+S_Jf«S+X» 


^ A‘lA‘2 +" 


To eliminate choose 


To eliminate choose 


To eliminate choose 


To eliminate choose 


J4) 


+ £''^'* = 0 
MiM2 ^ MiM2 ' M 2 M 1 


d2) _ 


J2) 


€^~' + £^^^ + £''^'* = 0 
^1/^2 ' MlM 2 ' ^2/^1 


d2) _ 


J3) 


+£(1) +£(2) =0 
A‘lA‘2 ' A‘lA‘2 ' W 2 M 1 




J2) 


^mP2M3 4”^M1>M2A‘3 


-I- -id £<^2) ,Q g(2) N Q 

' 2^ ^W3^/X2/XiJ 


(A.l) 


(A.2) 

(A.3) 

(A.4) 

(A.5) 
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To eliminate choose 

fjjiy 

g(^) + £ T — (d T d £^^^ 1 = 0 fA 61 

By choosing +££^ 1 . ^^ 2 , £mi,M 2 /x 3 5 and properly, we can elimi¬ 
nate everything except e/xi/x 2 ,i^i!^ 2 ; £AtiAt 2 A ‘3 and we dropped the superscript (1) after 

gauge hxing. The transformations that preserve this gauge are 


.(2) 


' M2M1 


<2) =0, 

2 £ 


di) 


= 0 . 


A^l,/d2M3 


'Ai2Mi 

-L Q 5(2) _|_ Q ^( 2 ) _ Q 


(1) + g(2) 

A‘iA‘2 ' tJ.2m 


= 0 , 


(A.7) 


2 £ 




-L 5 5 ( 2 ) I O p(2) ^ Q 

,M1 ' ^A‘2^U3Ui ^ ‘^M3^U2Ui 


plus, we could also add 


a+(£^,a+a2 A^i) - d-{e^^d-dlx^^) = df,,ef,^{d+x^^d+dlx>^^ - d-Xf^^d-dlX^^). 

(A.8) 

All of these linear transformations act trivially on (^4.4|) ; they leave ^^J.l^J■ 2 ^J .3 and 

invariant. This means that linear gauges are completely hxed in the form given by 

O- 


Appendix B. 


In this section we show that the constraints (equations ( [4.13|) and (^I.14|) ) obtained in 
section 4 for the hrst massive level helds are too weak. This will be done by comparing 
those constraints with the analogue constraints of the hrst massive level of the string. 

To obtain these consider the most general level 2 state |s) given by 


+ E, 




4'‘‘4“T‘d” 

t«4"4''+£,„4'‘4bio). 


(B.l) 


,t/^ AM 


where a((, ah, and bh are the closed string operators. This state satishes the relations 


(Lo-l)|s) = (Lo-l)|s) = 0 


and 

Li|s) = Li|s) = 0, Lais) = Lais) = 0, 
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from which we get some conditions between the -E’s. The gange freedom present in these 
conditions can be taken care of by adding zero norm states to |s). After that is done we 
get the constraints 

P + \/2piy^E— 0, 

P^E^^^^ + V2pf,^E = 0, 

(B.2) 

p^E^^^^ + \/2p^^E = 0, 

4V^-E',!y;^I/2 = 0, 

4V^-^mi/^2, ~ = 0, 

where the new E's are related to the old ones by 

E(1,1^11/2 ~ P^,E,viV2-i E^,^fj_2,i/ — PuEE^^i/ =Pfj,Pi/E. 


Combining, the only constraints on E 


/Xl/X2,!2il'2 


are 


1 

4^ 

1 

i'' 




P -E'/Xl/X2,!2l!2 + .Pl'lEfJ,^fJ,2,Ul' — 0, 


(B.3) 


and all other E^s are given in terms of -E'/xiM 2 ,i^m 2 - If consider that the -B’s play the 
analogne roll of the e’s in section 4, then the constraints ( 4.13 ) and (|4.14 ) are not powerfnll 
enongh, becanse for example, ^a‘ia ‘2 '^cit completely determined in terms 

of e, 


'111 112 ■ 


37 






References 


[1] J. Hughes, J. Liu and J. Polchinski, Nucl. Phys. B316 (1989) 15 

[2] T. Banks and E. Martinec, Nucl. Phys. B294 (1987) 733 

[3] C.B. Thorn, Phys. Rep., vol.175 (1989) 1 

[4] M. Bochicchio, Phys. Lett. B193 (1987) 31 

[5] E. Witten, Phys. Rev. D46 (1992) 5467 

[6] B. Zwiebach, Nucl. Phys. B480 (1996) 541 ; 

A. Sen and B. Zwiebach, Nucl. Phys. B423 (1994) 580 

[7] S.L. Shatashvili, Phys. Lett. B311 (1993) 83 

[8] C.G. Callan, D. Friedan, E. Martinec and M. Perry, Nucl. Phys. B272 (1985) 593 

[9] I.L. Buchbinder, Nucl. Phys. Proc. Suppl. B49 (1996) 133 

[10] U. Ellwanger and J. Fuchs, Nucl. Phys. B312 (1989) 95 

[11] A.N. Redlich, Phys. Lett. B213 (1988) 285 

[12] R. Brustein and S. de Alwis, Nucl. Phys. B352 (1991) 45 

[13] R. Brustein and K. Roland, Nucl. Phys. B372 (1992) 201 

[14] A.A. Tseytlin, Int. J. Mod. Phys. A16 (1989) 4249 

[15] LA. Batalin and G.A. Vilkovisky, Phys. Rev. D28 (1983) 2567 

[16] E. Braaten, T.L. Gurtright and G.K. Zachos, Nucl. Phys. B260 (1985) 630 

[17] J.F. Donoghue, E. Golowich, B.R. Holstein, Dynamics of the Standard Model, Gam- 
bridge University Press, 1992. 


38 



